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Abstract. Bulk metallic glass (BMG) is an excellent candidate for future material in various
applications due to its superior physical and mechanical properties. The characterization of the
crystallization evolution of Mg58Cu31Gdll has been performed using in-situ synchrotron
radiation technique. Differential scanning calorimeter (DSC) and laboratory X-ray diffraction
were also implemented to confirm the crystallization during heating at 20 °C/min. The glass
transition temperature (Tg) was resolved and the occurrence of two stages crystallization was
found during the process. The Mg2Cu growth accompanies the crystallization process and
occurrence of more complex compound is suggested.
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1. Introduction

Mg-based bulk metallic glass (BMG) alloys have given high attraction due to the precious properties
of these alloys. The search for new magnesium-based aloys is of great economic interest due to their
advantages such as light weight, great abundance and good corrosion resistance [1]. Most of the BMG
aloys are based on the ternary or pseudo-ternary systems [2,3] in which additional or substituting
elements are introduced. Therefore, it is important to study the ternary systems by locating the best
glass-forming compositions before expanding the research into multicomponent systems. Mg-based
ternary bulk metallic glasses with high glass forming ability (GFA) and wide supercooled region have
been developed in various number of alloys, the most widely developed is Mg-TM-RE (TM =
Transition metal, such as Ni, Cu, and Zn). Some series of Mg-Cu-RE BMGs system (RE = Rare earth
elements, for example: La, Ce, Er, Gd, Te, Nd, Pr, Dy, Yb, and Sm) have been researched [4,5].

The first development of Mg-Based bulk metallic glass was performed by Inoue and co-workers,
they reported the formation of Mg-based amorphous alloys in Mg-Cu-Y system with high glass
forming ability [6]. The MgssCuzsY 10 composition (also called as Inoue alloy) was found to be the
most favourable so that BMG rods with a diameter of 4 mm could be fabricated via copper mould
casting. The critical cooling rate of the BMG was estimated in the order of 50 Ks™. The researchers
have shown the development of the GFA by additions or substitutions of elements in the Mg-based
BMGs.

Liu and Lu [7] have reviewed the recent works regarding the effects of minor alloying additions on
glass formation in bulk metallic glasses. Experimental evidences indicate that aloying additions of
small atoms with atomic radius smaller than 0.12 nm such as Si or large atoms with radius greater than
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0.16 nm such as Y are most effective in enhancing glass forming ability. A small amount Si addition
provide an improvement of GFA. Without Si, 4 mm thick NisCusTiweZrsAlie strip shows an
observable Bragg peak superimposed on the broad, amorphous diffraction band, indicating that small
nanocrystals have precipitated from the amorphous matrix. However, with 0.5% S, the alloy
(NisoCusTi1eZr2sAl10)995Si05 is fully amorphous up to 5 mm, as shown by the absence of any sharp
crystalline.

Further development of GFA has been found in Mg-Cu-Y alloy system where Cu is substituted
partialy by elements such as Zn and Ag. Some examples of these alloys are MgesCuisAgsPdsY 10[8],
MgesCuz0ZnsY 10 [9,10], and MgesCuisAgioY 10 [11]. Y and Gd have similar atomic radius (Y: 0.18015
nm Gd: 0.18013 nm), similar electronegativity and similar negative heat of mixing. The effect of
substitution of Y with Gd in the MgesCuzsY 10 alloy produces significant improvement of the GFA,
enabling the fabrication of the BMG with a diameter up to 8 mm by Cu mold casting method, possibly
because of the difference in the electronic configurations between Y (4d 15s2) and Gd (4f 75d 16s2).
In this study, it isintended to investigate the crystallization behaviour of Mg-Cu-Gd system in the case
of MgssCU3lGd11.

2. Experimental methods

2.1. Material preparation

The MgssCus:1Gdy; aloy is studied in this research. Mg is a very volatile element, therefore to ensure
that the alloy form correct composition, an excessive amount of Mg about 6 wt% of the nominal
composition was used in the starting mixture to avoid the decreasing of the Mg amount. Before
starting the arc melting process, in order to avoid oxidation of the pure elements, the argon gas must
be continuoudly purged into the arc furnace to flush the oxygen and then to achieve a low oxygen
atmosphere environment inside the furnace. The process should be repeated several times to ensure
high vacuum inside the furnace to protect from oxidization. In order to increase the heat exchange rate,
cold water needs to be poured into and flowing through the bottom of the copper mold. Findly, the
elements of alloy placed on the bottom of the copper mold will be melted by a high voltage arc under a
Ti-gettered argon atmosphere in a water-cooled copper mould. It should be repeated severa times for
aloy ingots to confirm composition homogeneity. A melt spinning method was used to produce the
amorphous alloy in ribbon form. Master alloy was put into the quartz tube. In chill block melt
spinning, a molten liquid alloy was ejected by gas pressure onto a rapidly rotating wheel.
Solidification occurs on the melt spinning wheel and results in the formation of ribbons, which detach
easily from the wheel surface due to thermal contraction differences.

2.2. Measurement techniques

The bulk metallic glassis produced by copper mold casting method. The structure was investigated by
using x-ray diffraction (XRD) either by using high energy synchrotron diffraction, conventional
diffractometer, and scanning electron microscopy (SEM) including energy dispersive spectrometry
(EDS). The thermal stability of the material was examined by using a differential scanning calorimeter
(DSC). The structure of amorphous ribbons was confirmed by using conventional X-Ray diffraction
(XRD) using Cu K « radiation; the crystallization behaviour of the amorphous aloy MgssCuz1Gdi1
was examined using differential scanning calorimetry (DSC) with heating rate of 20 °C/min.
Specimens for in-situ heating experiments, which were performed using synchrotron reach thickness
for about 1 mm. The thick samples were then seded under vacuum environment in quartz crucibles
which contain Zr getter plates to increase the vacuum conditions. The energy of the photons applied
was about ~90 KeV corresponding to a wavelength of 0.10947355 nm. The temperature of the sample
was monitored with an infrared pyrometer up to ~297 °C.

3. Result and discussion

Figure 1 shows the XRD diffraction spectra of amorphous MgssCusziGdii ribbon collected in
transmission mode during induction heating, up to the temperature of ~297 °C in the monochromatic
synchrotron beam. As we observe in the diffraction pattern, the glassy structure of the MgssCuzGdiq
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alloy was identified, consisting of a broad diffraction peak characteristic of the amorphous structure
without any crystalline phase. The difference between the amorphousness and crystallization is
obviously observed. X-axis represents the wave vector Q, given by Q = (4n/A) Sin 0. From the
diffraction patterns evolution, the general overview of the transformation phase occurred during
induction heating up to ~297 ‘C can be observed. Below the first crystallization temperature (about
220 °C) we can observe a broad halo at low diffraction vector which comes from the quartz sample

Figure 1. Diffraction pattern of amorphous phase @) and
Differential Scanning Calorimetry (DSC) DSC curve for
MgssCus1Gds: alloy during heating at the rate of 20 °C /min.
holder, others halos are related to the amorphous phase. The pure amorphous phase could be clearly
observed at the temperature from 30 “C to 160 °C as shown in Figure 2a.

From the diffraction patterns also can be seen that a primary phase starts to precipitate and produce
many intense and narrow reflections with increasing temperature. It should be noted that there are still
insufficient reports that clearly reviewed the crystalization behaviour of Mg-Cu-Gd system.
Soubeyroux et a [12] produced MgesCuzsGdie and identified the formation of Mg.Cu phase with the
crystal size of about 100 nm. Small peaks with low intensities also appear in these spectra. In order to
identify the intermetallic phases in MgssCus1Gd11, the samples were heated in DSC up to melting
temperature and an XRD pattern was recorded in a conventional diffractometer and more reflections
of low intensity could be observed.
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Figure 2. Diffraction pattern of amorphous phase @) and Differential Scanning Calorimetry (DSC)
DSC curve for MgssCus1Gdaa aloy during heating at the rate of 20 °C /min.
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Figure 2b shows the DSC results of the MgssCuzGdin amorphous alloy heated up to melting
temperature with the heating rate of 20 °C/min. From DSC measurement showed on Figure 2b, it is
clearly justified an endothermic peak event associated to the glass transition at the temperature about
174 °C and a sharp exothermic peak indicating crystallization process at the temperature around 220
°C. However, on the DSC result we can find also a second small exothermic peak in temperature
around 320 °C. This peak confirms that crystallization process occurs through two stages process TX1
and Tx.. The second crystallization is mainly caused by some residual amorphous phase. Two steps of
crystallization process are also confirmed by experimental pattern from in-situ measurement.
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Figure 3. Sequence of diffraction patterns showing the
transformation from amorphous phase to partially crystalline, and
fully crystalline state.

Figure 3 demonstrates the clear evolution of phase transformation during in-situ experiment. Mgl
pattern justifies the amorphous state of the alloy. Some small peaks appear in the Mg2 pattern, which
indicates that crystallization is occurring in some part of the alloy. These peaks are identified as
Mg,Cu compound according to calculated pattern. The peaks in Mg2 are still existing in Mg3 where
the heating temperature reach about 178 °C followed by the growing of peaks with higher intensity
associated to an amorphous phase. When the temperature increases until 297.7 °C, the alloy becomes
fully crystalline confirmed with the absence of amorphous halo as we find in pattern that is marked
with Mg4. However, the halfwidth of the pattern also increases which directly corresponds to the
broadening of the peak. It should be noted that the peak broadening can depend on the chemical
homogeneity of the alloy because the lattice parameter variations are due to the chemical
inhomogeneity. Moreover, the crystal/amorphous phase interfaces have a high level of stresses
induced by volume effect of crystallization. In some cases, these stresses lead to the formation of twin
peak in the growing crystals.

Figure 4 displays the comparison between annealed master alloy, unannealed master alloy pattern
and crystallized pattern obtained by synchrotron diffraction. The diffraction pattern shows a match
result of main peak between the patterns obtained from conventional x-ray and synchrotron diffraction.
This informs us that the size and shape of the unit cell of the phases are generally the same. More
peaks are also observed in the pattern and most of them are identified as Mg,Cu phase. On the other
hand, the diffraction pattern from undergoes broadening. Some very high peaks compared to the two
patterns are also observed. In the annealed pattern, for position about 2.8 (marked with bigger star), as
peak is growing to a very high intensity which could be a preferred orientation as the effect of
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annealing for long term. This peak position is also corresponding to the position of 2.288 A and 080
hkl index.
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Figure 4. Diffraction pattern of three different BMG
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Figure5. Microstructure of BMG after crystallization.

To confirm this phenomena SEM observations have been done in the annealed master alloy as
shown in Figure 5. The SEM and EDS results show three phases formed during crystallization process.
First phase, marked with A (black image) is identified as binary Mg,Cu phase whose average crystal
size is around 10 um. Some larger crystals are also found in the alloy. Second phase is marked with B,
with grey colour is identified as unknown phase, the third phase with white colour and brighter is also
identified as unknown phase. This third phase contains large amount of Gd element which was
probably not completely melted during the production of alloy due to characteristic of Gd that is
difficult to melt.

4. Conclusion

In summary, we have conducted the investigation on the crystallization process of MgssCus1Gdai bulk
metallic glass (BMG) by using various techniques. We found that the high energy x-ray diffraction
patterns show crystallization process of MgssCuxGdii aloy. Primary phase which is identified as
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Mg2Cu starts to grow at temperature ~178 °C and it is stable until the end of crystallization process.
After annedling at isothermal temperature ~384 °C, some new peaks are found at higher two theta
position. Most peaks are related to Mg,Cu. This is confirmed with the XRD experiment after
annealing sample. DSC measurement reveal two steps of crystallization. However, the second
crystalization is due to residua of amorphous structure. Tg is ~174 °C and Tx1 is ~220 °C. Using
SEM and EDS measurement of master aloy, it can be concluded that there are three phases that were
growing and stable inside the MgssCus1Gdai aloy. The first is Mg2Cu, the other is unknown ternary
phase, which requires more complex anaysisto solve.
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